Mechanisms and Modeling of the Effects of Additives on the Nitrogen Oxides Emission
SUMMARY A theoretical study on the formation of the oxides of nitrogen in the combustion of hydrocarbons is presented in this communication.
Our current understanding of the mechanisms and the rate paralneters for gas phase reactions have been used to calculate the NOx emission.
The possible effects of different chemical species on thermal NOx, on a long time scale have been discussed.
The mixing of these additives at various stages of combustion has been considered and NOx concentrations have been calculated; effects of temperatures have also been considered.
The chemicals such as hydrocarbons, H2, CH3OH, NH 3 and other nitrogenous species have been chosen as additives in this discussion.
Results of these calculations can be used to evaluate the effects of these additives on the NOx emission in the industrial combustion systems.
INTRODUCTION
The oxides of nitrogen play an important role in the photochemical processes that are responsible for the acid rain and smog formation (ref. I).
NOx is generated from nitrogen in air (ref. 2) and in the fuel (ref. 3) used in the combustion processes including the industrial boilers.
Nitrogen and oxygen react at high temperature (ref. 4) to form NOx which has been described as thermal NOx while the fragments of hydrocarbons form the nitrogenous compounds which oxidize to prompt NOx (ref. 5).
The three major types of nitrogen oxides are NO, NO2 and N20, and it is well known that their distribution in the emission is dependenI on temperature.
It is well known that very little NOx is produced if the combustion takes place in fuel-rich condition when oxygen mostly reacts with the fuel. but in oxygen rich condition, particularly near the stoichiometric condition of burning (ref. 6), temperature of combustion is very high and the thermal NOx formation is very rapid. In this study, all the NOx have been assumed to be thermal NOx and these are formed during combustion.
The thermal NOx formation can be partially controlled by the modification of the design of the combustor (ref. 7).
These modifications reduce the flame temperature and thus retards the formation of NOx.
Although this technique reduces the NOx formation, in some cases it is not enough and it is necessary to reduce NOx still further.
Post-combustion treatment (refs. i, 8 to 12) of the exhaust gas is one way to reduce NOx. Various exhaust treatment processes are in use for specific types of combustion devices.
For example, in the exhaust of spark-ignited automotive engines, noble metal catalyst is used along with combustion stoichiometry to reduce NOx; other alternative concepts of NOx reductions have also been considered (refs. 8 and 12) . The concept of using additives to the exhaust stream for reduction of NOx In the present study the oxidation of NO in presence of hydrocarbons and methanol will be discussed. The reduction of NO to nitrogen in presence of nitrogenous compounds will also be discussed.
Oxidation of NO to NO 2 Effect of Hydrogen, Hydrocarbons and Alcohols
It was mentioned before that probably HOp is the major oxidizing agent in the oxidation of NO.
Since hydrogen can generate BOp, it may be assumed that hydrogen can oxidize NO. Figure 3 (a) shows the effect of-hydrogen on NO at various temperatures and figure 3(b) shows similar effect when additional oxygen was added.
It appears that oxidation of NO requires large amount of hydrogen and even then the oxidation to NO2 decreases with increase in temperature; moreover, additional oxygen does not help very much in the oxidation.
At lower temperature a part of NO is oxidized to NO2, but as the temperature is increased NOp changes back to NO. It is true that at hlgh temperature H and 07 react to form bolh HO 2 and OH, and the rate of formation of OH is faster than the rale of formation of HOp; moreover, HOp reacts with OH.
It therefore appears that HO 2 does not get much _hance to oxidi_e NO. These results suggest that hydrogen is not a good additive towards oxidation of NO. Figure 9 (a) shows that in presence of 500 ppm hydrogen, maximum reduction of NO by ammonia takes place at temperature below 1100°K, and at 1000°K about 50 percent reduction of NO is ossible Figure 9 (b) shows that with 5000 ppm of H_, NO P , ,, -reduction is practically complete at 950°K. It appears that.addltlonof H2 only shifts the temperature window without changing much of its width.
With increase in temperature, NO reduction efficiency gradually decreases.
Calculations were made to study the effects of methanol on the NO reduction by ammonia. Figure lO(a) shows the effect of temperature on the NO reduction by ammonia in presence of methanol.
Here also as in the case of hydrogen, methanol generates heat and thus helps to produce NHp. Figure lO(b) shows the reaction temperatures at around 5 sec after the addition oT alcohol-ammonia mixture.
Addition of methanol at 975°K, increases the reaction temperature to over 1100°K.
At lower temperature and at a shorter time however, methanol burning is incomplete and the temperature is lower; as a result, there is less amount of 0 atoms produced and therefore less amount of NHR is generated.
As time passes, more 0 atoms are produced and more NH 2 is generatedl also may help to generate NH2 at lower initial temperature. Figure  11 shows the nO reduction efficiency by NHRat various initial temperatures when H202is added. It appears that although reduction of NOtakes place at lower temperalure, reduction efficiency is not very high. This is due to the fact that in this case NH 2 is formed mostly by OHand oxidation of ammoniaby OHis not very fast.
As the temperature is raised, OHis formed in greater quantities, and more NH 2 is produced. At still higher temperature, reduction of NOtakes place like in-normal case without H202.
Reduction of NOby Hydrazine
Hydrazine is another nitrogenous compoundwhich is known ( fig. 8(a) ) to reduce NO. Hydrazine dissociates to form NH 2 and the rate of formation of NH 2 increases with increase in temperature. Since NH2formation here is possible at lower temperature than with NH_, NOreduction-takes place at lower temperature with hydrazine than with ammonia. But NpH 4 also generates NHRat lower temperature, and the reduction of NOis not complete-until reaction temperature is reached to the level when ammoniastarts forming NH 2. 
(222) Table IV shows the effect of hydrazine on NOat various temperatures.
All the above discussions point out to the fact that reduction of NOin presence of ammoniatakes place due to the formation of NH 2 as an intermediate species. Wetherefore studied the NOreduction in presence of hypotehetical NH 2. Figure 12 showsthe temperature effect on NOreduction in presence of NH 2. It appears that NOreduction is much less with NH 2 itself than when NH_is used; in fact, at the condition of our study, no more than 50 percent of NO3s reduced at any temperature. This is due to the fact that in case of ammoniathe rate determining step in NOreduction is the formation of NHR. In this case NH 2 not only reacts with NO, it also reacts with N2Hforming NH_, an6 NH_does not dissociate at lower temperature. As the temperature is raised, NH 2-reacts with 0 atoms as well as with NO. The major reactions may be written as 
SUMMARY OF RESULTS
Detailed chemical modeling has been performed to evaluate the effects of different chemical additives on the NOxemission in the industrial combustion systems. The exhaust stream was cooled and the additives were added to it. The chemical kinetic model used in this study was tested by other workers and was further verified by comparing the calculation results with actual experimental data. The Lsens code was used to calculate the NOxconcentrations.
This study has two directions of approach. In one, convertion of NOxto NO 2 has been considered and in the other, reduction of NOxto unreactive nitrogen has been discussed. The additives considered for NOxoxidation to NO 2 were hydrocarbons like CH 4 and C2H6,hydrogen and methanol. Unless used in large quantities when the mixture becomesfuel-rich, these additives do not reduce NOxto nitrogen, rather oxidize NOto NO 2 at temperatures below 1100 K. It is however known that NO 2 can be removed from the exhaust stream by washing it with water.
NH 3 reduces NOxto nitrogen within a short temperature range between 1000 to 1400 K. Use of somefuels as co-additive can makethe reaction take place at lower temperature. Addition of H202also shifts the reaction temperature in the sameway. The effect of fuels like H2 and methanol has been discussed. The function of these fuels is to generate heat and radicals to expedite the NH_formation; although H202 
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Abstract
A theoretical study on the emission of the oxides of nitrogen in the combustion of hydrocarbons is presented in this communication.
Our current understanding of the mechanisms and the rate parameters for gas phase reactions have been used to calculate the NOx emission.
The mixing of these additives at various stages of combustion has been considered and NOx concentrations have been calculated; effects of temperatures have also been considered. The chemicals such as Hydrocarbons, H2, CH3OH,NH3 and other nitrogenous species have been chosen as additives in this discussion. Results of these calculations can be used to evaluate the effects of these additives on the NOx emission in the industrial combustion systems. 
